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Origin of luminescence quenching in structures containing CdSe/ZnSe quantum dots
with a few Mn2+ ions
K. Oreszczuk,∗ M. Goryca, W. Pacuski, T. Smoleński, M. Nawrocki, and P. Kossacki
Institute of Experimental Physics, Faculty of Physics,
University of Warsaw, ul. Pasteura 5, PL-02-093 Warszawa, Poland
We present a detailed spectroscopic study of the photoluminescence quenching in an epitaxial
structures containing CdSe/ZnSe quantum dots doped with low concentration of Mn2+ ions. Our
time-resolved and time-integrated experiments reveal the origin of the quenching observed in macro-
photoluminescence studies of ensembles of such dots. We show that incorporation of even a few
ions to an individual dot does not quench its luminescence effectively, although some fingerprints
of expected spin-dependent quenching are visible. At the same time, the presence of Mn2+ ions
in the sample significantly affects the luminescence intensity of the wetting layer, resulting in a
quenching of the global luminescence from studied structure. On the other hand, the luminescence
decay dynamics is found to be independent of the presence of Mn2+ ions, which suggests that the
observed quenching occurs for the excited excitonic states.
PACS numbers: 75.50.Pp, 78.67.Hc, 78.66.Hf, 78.55.-m, 78.20.Ls
I. INTRODUCTION
Owing to the exchange interaction between magnetic
ions and band carriers, Diluted Magnetic Semiconduc-
tors (DMS) exhibit giant Zeeman effect and related ex-
traordinary magneto-optical properties1. Influence of the
magnetic ions can be further enhanced by introducing
them to low dimensional semiconductor structures,2–8
which could be applied in the field of spintronics,9
solotronics,10,11 and in the photophysics12. From this
point of view, particularly interesting are structures con-
structed of Mn-doped wide-gap II-VI semiconductors,
such as ZnSe, ZnS or ZnO. This is because excitons in
wide-gap semiconductors exhibit high binding energy and
high oscillator strength, which open a possibility of room-
temperature operation, and result in high efficiency of
photon sources as well as strong coupling with photonic
modes13–15. However, the suppression of excitonic lumi-
nescence resulting from addition of Mn2+ ions to both
bulk material and to the low dimensional structures was
observed16–19. This is due to the opening of new, sensi-
tive to the magnetic field, channels of non-radiative cross-
relaxation of excitons leading to the excitation of the
Mn2+ ions12,20–26. Therefore, of great interest were the
results obtained on recently grown single self-organized
CdSe/ZnSe quantum dots (QDs) containing individual
Mn2+ ions, which indicated that in such structures a sup-
pression of the luminescence does not occur effectively,
while the specific magneto-optical properties of DMS are
preserved11,27,28.
Explanation of the absence of an effective luminescence
quenching in a QD with a single magnetic ion may have a
double importance. On the one hand to understand the
physics which lies behind it, on the other it may indicate
how to reduce luminescence quenching in structures with
a higher content of Mn2+, which from the point of view of
their magneto-optical properties would be highly desir-
able. For this purpose in the present study we investigate
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FIG. 1: (a) Cross-section scheme of the studied samples con-
taining CdSe/ZnSe QDs with Mn2+ ions (not in scale). (b)
Micro-photoluminescence spectrum of CdSe/ZnSe QDs mea-
sured at randomly selected position on the sample surface.
the luminescence quenching in the single CdSe/ZnSe QDs
with both individual and several Mn2+ ions. We demon-
strate that in both cases the luminescence quenching is
not effective, but a fingerprint of quenching can be de-
duced from comparison of optical lines related to various
spin states of an individual Mn2+ in a QD. We also show
that the strong quenching observed in the measurements
performed without spatial resolution has its origin in the
wetting layer.
II. SAMPLE AND EXPERIMENTAL SETUP
The samples studied in this work contain a single
layer of self-assembled CdSe/ZnSe QDs, some of them
doped with manganese ions. They are grown using
molecular beam epitaxy (MBE) on GaAs (100) sub-
strate. The growth procedure is particularly simple.
2First, we grow 1µm ZnSe buffer layer, then 2 monolayers
of Cd1−xMnxSe, which are immediately transformed into
QDs, and finally 100 nm of ZnSe cap (see Fig 1(a)). The
concentration of dopants was different for various studied
samples. In the case of the sample being optimized for the
measurements of QDs with single Mn2+ ions, the dopant
concentration was similar to concentrations in other stud-
ies of such dots7,11,29–36 as well as in the studies of dots
with two Mn2+ ions37,38. On the other hand, the sample
optimized for the measurements of QDs with a few Mn2+
was doped with a few times higher amount of dopants,
but still smaller as compared to the studies of QDs with
many of Mn2+ ions39–41. The nominal magnetic-dopant
concentrations in Cd1−xMnxSe formation layer of both
aforementioned samples are x = 1% and x = 3%, re-
spectively. A sample without Mn was also grown for the
reference purposes.
The identification of the QDs with various number
of magnetic ions as well as all further measurements
were performed at temperature of about 1.6K in liquid-
helium-cooled cryostat. The cryostat was equipped with
a superconducting magnet, which produced magnetic
fields of up to 10T. If not stated otherwise, the time-
integrated photoluminescence (PL) measurements were
performed with the use of continuous-wave (CW) laser
with wavelength equal to 488 nm (2540meV), which
is below the barrier bandgap (2820meV). For micro-
photoluminescence (µ-PL) measurements the sample was
attached directly to immersion reflection microscope. In
this configuration the size of the laser spot on the sam-
ple surface was below 1 µm. Due to the high density of
typical self-organized QDs, even for relatively small laser
spot size a large number of dots are optically excited,
although it is possible to resolve the luminescence of an
individual QD in the low-energy tail of the PL band (see
Fig 1(b), sample with lower Mn content).
The luminescence signal was spectrally resolved by a
750mm focal length monochromator equipped with a
CCD camera. For time-resolved measurements, a streak
camera with a 425nm (2916meV) pulsed laser were used.
Time-integrated PL spectrum and its evolution in the
magnetic field exhibited no qualitative dependence on
the type of the exciting laser, neither in the micro-PL
nor in the macro-PL measurements. This includes both
the excitation with the lasers mentioned earlier and with
an above-the-barrier 405 nm (3060meV) CW laser.
III. PHOTOLUMINESCENCE QUENCHING -
ENSEMBLE MEASUREMENTS
In order to verify the presence of the PL quenching
in our highly Mn-doped sample, we performed macro-
PL measurements of QDs ensemble from this sample
and from the reference sample without Mn dopants.
As shown in Fig. 2, in the case of Mn-doped sam-
ple a significant rise of the PL intensity in σ+ circu-
lar polarization of detection is observed. Such behavior
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FIG. 2: Dependence of the integrated PL intensity of an en-
semble of QDs measured in σ+ polarization of detection as
a function of the magnetic field for (a) the sample without
Mn ions and (b) the sample with QDs with a few Mn2+ ions.
In the latter case significant rise of the PL intensity with
magnetic field is observed, which is typical for magnetic-ion-
related PL quenching. Excitation power is equal to 35µW. In
both plots the PL intensity is normalized to the PL intensity
of doped sample at 0T.
is a well-known fingerprint of magnetic-ions-related PL
quenching20,23,24,42–44 due to non-radiative exciton re-
combination channel corresponding to excitation of the
Mn2+ ions. The total spin S of the ion is equal to 5
2
for 6A1 ground state, while for the excited
4T1 and
4T2
states the spin S = 3/2. The selection rules for the spin
projection forbid the excitation of an ion occupying its
ground states with Sz = ±
5
2
. Thus, the spin orienta-
tion towards these states in high magnetic fields leads
to a suppression of the PL quenching. The effect is less
pronounced for high excitation power, probably due to
increase of the effective temperature of the Mn2+ ions.
Importantly, such rise of the PL intensity is not observed
in similar experiment carried out on the sample with-
out Mn2+ ions. In this case, the only observed variation
of the PL intensity is a slight polarization of the whole
spectrum due to the excitonic spin relaxation towards
lower-energy states45,46.
To confirm the nature of the observed phenomena in
the Mn-doped sample, the measurements of the lumi-
nescence lifetime were performed. One could expect the
lifetime to rise significantly with magnetic field, as the
non-radiative recombination channel related to the PL
quenching by Mn2+ ions is progressively turned off, but
this is not the case in our sample. In fact, the average
lifetime is found to be equal to about 100ps indepen-
dently of the value of the magnetic field (see Fig. 3).
This finding indicates that the observed PL quenching is
not related to the non-radiative recombination channels
of the relaxed exciton states (i.e., the states to which the
PL is related), but must occur before the relaxation of
photo-created carriers. The decrease of the decay time
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FIG. 3: (a) Lifetime of the ensemble luminescence from the
sample with QDs with a few Mn2+ ions in various magnetic
fields, plotted as a function of the photon energy. The pre-
sented values were obtained by fitting the measured PL decay
profiles with mono-exponential curves. (b) Time-integrated
luminescence spectrum of the QDs excited by a pulsed laser.
with the increase of the PL energy is most probably re-
lated to the thermal relaxation of the carriers47.
IV. IDENTIFICATION OF SINGLE QDs WITH
A FEW Mn2+ IONS
In order to investigate in detail the origin of the ob-
served PL quenching, we performed micro-PL measure-
ments of single QDs. Due to small laser spot on the
sample it was possible to separate well-resolved PL lines
originating from single QDs in the low-energy tail of the
QD ensemble spectrum. Those lines appear on the top
of spectrally-broad background typically ascribed to the
wetting layer, which is usually present in the samples
with QDs grown in Stranski–Krastanov mode48. Among
typical sharp lines related to non-magnetic dots, we also
observe broader features of similar, triangular shape with
well visible splitting in the middle (see Fig. 4(g-i)).
The typical width of such features being identified in
our samples is of about 1.2meV, while the width of
the middle-energy splitting is typically equal to about
0.4meV. Since such features are not observed in the case
of similar samples with no magnetic impurities, we ten-
tatively relate them to QDs containing a few Mn2+ ions.
Inferring from the width of the features, the Mn2+ ions
are positioned in the QD in such a way that the exciton-
Mn exchange interaction has a modest strength when
compared to the case of previously investigated CdSe
QDs with single Mn2+ ions11,28. In order to support this
hypothesis we perform simulations of the exciton spec-
trum in QDs with different number of Mn2+ ions. The
model used in such simulations is based on the model
of the exciton in QDs with single dopants11, and further
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FIG. 4: Left – simulations: (a) Spectrum of QD with single
Mn2+ ion. (b) QD with single Mn2+ ion, low exchange con-
stant for exciton and ion. (c-e) QDs with two, three and four
Mn2+ ions, respectively. Right – experiment: (f) QD with
single Mn2+ ion. (g), (h) exciton and biexciton in QD with a
few Mn2+ ions. (i) biexciton in QD with a few Mn2+ ions.
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FIG. 5: PL spectrum of QD with a few Mn2+ ions plotted
as a function of the magnetic field (a) and a corresponding
simulation (b).
expanded to describe interactions with many ions. The
Hamiltonian of the exciton in such a QD is given by:
HX =E0 +∆l−h
1
2
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where Je, Jh, Sk, are the spin operators of electron,
hole, and kth Mn2+ ion spin operators. Light-heavy
hole energy difference is denoted by ∆l−h, δ0 represents
the dark-bright exciton splitting, while δ1 corresponds
to the splitting of the two bright excitons due to the
4anisotropic part of the electron-hole exchange interac-
tion. ge, gh, gm are the g-factors of the electron, hole,
and Mn2+ ions, respectively. E0, δ1, ge, Aek were cho-
sen to fit the experimental data. Ratios ge/gh = 1.2 and
Aek/Ahk = −1/2 as well as the values of δ0 = 2.5meV,
gm = 2 and ∆l−h = 30meV are based on the results of
previous studies of Mn-doped CdSe QDs11,27.
Results of those simulations are illustrated in Fig. 4,
together with experimentally obtained spectra of QDs
containing one and – presumably – a few magnetic im-
purities. Even though we are not able to resolve the mul-
titude of excitonic lines in the case of a few Mn2+ ions, it
is still possible to analyze general shape of the resulting
broad feature in the spectrum. For example, the splitting
always visible in the middle of the feature is related to the
anisotropic part of the electron-hole exchange interaction
(δ1). Importantly, we can distinguish QDs with exactly
one Mn2+ ion from those containing more dopants. In
the case of a single dopant, the broad feature in the spec-
trum maintains approximately rectangular shape for a
broad range of QD parameters, i.e., anisotropy splitting,
g-factors of the exciton and the ion or the exchange con-
stants (see Fig. 4(a-b)). The identification of the QD
with a few Mn2+ dopants may be further confirmed by
the analysis of its evolution in a magnetic field applied
in the Faraday geometry. As shown in Fig. 5, such evo-
lution is well reproduced by our theoretical model.
V. PHOTOLUMINESCENCE QUENCHING IN
AN INDIVIDUAL QD
The existence of the quenching of the excitons con-
fined inside QD with a few Mn2+ ions was verified with
the use of two different methods. The first one is based
on measuring the total intensity of the PL lines originat-
ing from the recombination of excitons confined in the
QD for various values of the magnetic field applied in
the Faraday configuration. The sample was illuminated
with a 488 nm CW laser and the intensity of the PL lines
was determined after subtracting the broad background
from the PL spectra. If the effective PL quenching was
present in the observed QDs, the PL intensity should
significantly increase with the magnetic field due to the
blockade of non-radiative recombination channels20,23. In
our case we observed no significant variation of the pho-
toluminescence intensity for all magnetic fields up to 10T
and both circular polarizations of detection (see Fig. 6).
Such a variation was, however, observed for the broad
background (see Fig. 7) related to the wetting layer.
The second method is based on a direct measurement
of the PL lifetime. Recombination channel corresponding
to intraionic transitions – if such exists – should shorten
the lifetime of the excitons confined in the QD. The pres-
ence of the PL quenching can be verified either by ana-
lyzing dependence of luminescence lifetime as a function
of the magnetic field or by a direct comparison of the life-
time of the exciton in a QD without Mn2+ ions and in a
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FIG. 6: Dependence of integrated PL intensity of two QDs
with a few Mn2+ ions. Intensity is measured as a function of
magnetic field in both polarizations of detection.
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FIG. 7: (a) PL spectrum of the QD with a few Mn2+ ions
and the broad background as a function of magnetic field.
(b) Integrated PL Intensity of the broad background photo-
luminescence as a function of magnetic field in both circu-
lar polarizations of detection. Excitation power is equal to
100µW.
QD with a few Mn2+ ions. We have measured lifetimes
of exciton (X) and biexciton (XX) luminescence peaks as
a function of the magnetic field. Neither of these two life-
times exhibited significant dependence on the field. For
an example QD with a few Mn2+ ions, the X lifetime is
equal to 250ps ± 15 ps, while the XX lifetime is 120ps ±
7 ps for all magnetic fields up to 10T. Also, the lifetimes
of both excitonic complexes for all investigated QDs re-
main in the range expected for the QDs without magnetic
dopants11,49.
Similarly, in the case of the broad background no sig-
nificant effect of the magnetic field on the PL decay was
observed. The decay can be accurately described with
two-exponential curve (see Fig. 8). The characteristic
times determined from the fit of such curve are equal to
230ps ± 30 ps for the longer component and about 30 ps
± 5 ps for the shorter component. Neither long nor short
characteristic time reveals any significant dependence on
both the magnetic field and circular polarization of de-
tection.
All abovementioned results indicate that the PL
quenching for excitons in QDs with a few Mn2+ ions
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FIG. 8: (a), (b) Photoluminescence intensity decay of neutral
exciton line related to an individual QD with a few Mn2+ ions,
after pulsed excitation in B = 0 and B = 10T. (c), (d) Anal-
ogous result obtained for the broad luminescence background
present in the micro-PL measurements.
is not efficient. To detect the finest fingerprints of the
quenching we need to be able to analyze the dynamics
of individual spin states of the system. To distinguish
emission lines related to those states we need to study a
smaller system: a QD with an individual Mn2+ ion. The
neutral exciton luminescence spectrum of such a dot at
zero magnetic field consists of 6 doubly degenerate emis-
sion lines7 corresponding to different projections of the
Mn2+ ion spin onto to the quantization axis given by the
exciton anisotropy axis (see Fig. 4(a,f)).
We have performed time-resolved, high spectral reso-
lution measurements of such a spectrum. Experimentally
obtained lifetimes of the emission lines are presented in
Fig. 9. It is clearly visible that the lines characterized
with the longest lifetime are those with extreme ener-
gies, i.e., related to the Mn2+ states with extreme spin
projections (|Sz | =
5
2
). Such a finding can be explained
within a simple model, in which the luminescence decay
of each of the exciton-ion states is modeled as a single-
exponential decay with a rate corresponding to the sum of
the rates corresponding to three mechanisms: radiative
recombination channel and two non-radiative recombi-
nation channels, related either to the photoluminescence
quenching or to the spin-flip relaxation of the exciton-ion
complex occurring without the change of the ion spin.
Since the rate of the radiative recombination should not
depend on the spin projection of the Mn2+ ion, the corre-
sponding decay rate is assumed to be equal to (τγ
−1) for
all six emission lines. As it was described in section III,
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FIG. 9: PL spectrum of the neutral exciton from a QD with
a single Mn2+ ion. The points respresent the lifetimes de-
termined for each out of six emission lines. The horizontal
bars correspond to the predictions of the rate-equation model
described in the text.
the ion excitation is spin selective; only the middle four
emission lines, corresponding to |Sz| ≤
5
2
, should exhibit
additional decay rate (τq
−1) due to this non-radiative re-
combination channel. Last factor, corresponding to the
spin-flip of the exciton, will affect mostly the exciton in-
teracting with the ion in the spin state Sz = ±
5
2
, as the
rate of this spin-flip significantly increases with the en-
ergy distance ∆E between the involved pair of exciton-
ion states. In our model the spin-flip efficiency is as-
sumed to be proportional to third power of energy dif-
ference (∆E3), in accordance with the theoretical pre-
dictions for a single-phonon-mediated spin relaxation of
a bright exciton in a nonmagnetic QD50. Taking into
account all aforementioned mechanisms, and assuming
that the radiative recombination is much faster than both
non-radiative processes, we obtain a simplified formula
describing the decay rate of the exciton-ion complex in
each out of six possible energy levels in singly-Mn-doped
QD:
τ−1 = τ−1γ + τ
−1
a
(
Sz
5/2
)3
+
{
0 Sz = ±
5
2
τ−1q Sz 6= ±
5
2
.
(2)
By fitting our model to the experimental data we ob-
tain a very good agreement between measured and cal-
culated lifetimes of the individual emission lines (see Fig.
9). This allows us to determine the values of the model
parameters: τγ = 232ps, τq = 624ps and τa = 1124ps,
which indicate that approximately one out of five ex-
citons in a QD recombines non-radiatively exciting the
Mn2+ ion. On the other hand, it is about three out of
four excitons that recombine non-radiatively in the pre-
viously discussed case of the wetting layer in the sample
with QDs containing a few Mn2+ ions (see Fig. 2). This
6brings us to the conclusion that the magnetic-ion-related
non-radiative recombination channel of the excitons in
the wetting layer is about 12 times more efficient than in
the QD (when compared to the radiative recombination
channel).
One could argue that, within the experimental accu-
racy, the observed lifetimes of the neutral exciton emis-
sion lines (longest for the lowest-energy line) could be
explained solely in terms of thermal relaxation of the
exciton-ion system during the exciton lifetime. To make
our explanation free of doubts, we have performed sim-
ilar time-resolved analysis of the negatively charged ex-
citon (X−) in Mn-doped QD, the PL spectrum of which
is shown in Fig. 10. For X− the highest-energy line cor-
responds to the state of the X−-Mn complex with the
highest energy. At the same time, this line exhibits also
the highest intensity, which cannot be explained by ther-
mal relaxation. Instead, this finding can only be under-
stood after taking into account non-radiative recombina-
tion channels involving the excitation of the Mn2+ ion.
In the case of the X− complex there are two such non-
radiative channels. In order to analyze them, let us first
focus on the case, in which the X− complex consists of the
heavy hole with the total angular momentum projection
on the growth axis Shz = +3/2. If the Mn
2+ ion becomes
excited through non-radiative recombination of such a
hole with an electron in Sez = −1/2 spin state, the selec-
tion rules are the same as for the neutral (bright) exciton,
i.e., the spin of the Mn2+ remains unchanged. As such,
this process is possible only if the ion is in the Sz = ±3/2
or Sz = ±1/2 spin states before the excitation. The sec-
ond possible scenario involves the excitation of the Mn2+
ion by an electron-hole pair consisting of an electron with
a spin projection Jez = +1/2. In such a case the selection
rules are different, since the total angular momentum of
both carriers is equal to 2. Non-radiative recombination
of such an electron-hole pair entails the change of the
ion spin projection by 11,51,52. As such, this process is
allowed only for the Mn2+ ion occupying the spin states
with Sz = −5/2, Sz = −3/2, or Sz = ±1/2 before the
excitation. On this basis we deduce that both aforemen-
tioned non-radiative recombination channels are inactive
only if the Mn2+ ion is in the Sz = +5/2 spin state. Sim-
ilar analysis of the case of the hole with an opposite angu-
lar momentum Jhz = −3/2 leads to the conclusion that
these channels remain inactive for the Sz = −5/2 spin
state of the Mn2+ ion. In both cases the only state of the
X−-Mn complex being not affected by the non-radiative
recombination channel corresponds to the highest-energy
line in the X− PL spectrum. As a consequence, this line
is expected to exhibit the slowest decay dynamics. Our
time-resolved spectroscopy confirms this prediction, as
we observe significant prolongation of the lifetime as well
as higher emission intensity for the higher-energy part of
the X− PL spectrum, as seen in Fig. 10.
Despite the above-described signatures of the excitonic
PL quenching in a QD, the efficiency of this process is
still very small as compared to the case of a bulk ma-
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FIG. 10: PL spectrum of the negatively charged exciton from
a QD with a single Mn2+ ion with experimentally obtained
luminescence lifetimes. The longest lifetime is observed for
the highest energy line, for which non-radiative recombination
involving the excitation of the Mn2+ ion is spin-forbidden.
terial doped with the Mn2+ ions. A possible explana-
tion of such a clear difference between these two cases
might be related to fast saturation of non-radiative re-
combination channel, as the relaxation time of the Mn2+
from its excited state can be very long, up to above ten
microseconds53. In such a scenario, the Mn2+ ion, once
excited, persists in its excited state for a long time, and
excitons subsequently injected to the QD cannot recom-
bine non-radiatively. This mechanism, however, does not
seem to apply in the physical situation which takes place
in the studied samples. This is revealed, e.g., by the
results of micro-PL measurements presented in Fig. 7,
which demonstrate the PL quenching to occur despite
very high exciton injection rate, corresponding to about
one exciton per Mn2+ ion per few nanoseconds, that is a
few orders of magnitude faster as compared to the Mn2+
relaxation rate. The apparent lack of any saturation ef-
fects in our experiments can be explained by yet another
mechanism, which was proposed recently in Ref. 54. Ac-
cording to that theory, the Mn2+ occupying its excited
state can relax much faster transferring its energy to the
exciton confined in a QD. Under an assumption of this
process to be very efficient, it is conceivable to suppose
that excited Mn2+ ion may return to its ground state
after injection of just one exciton to the dot. In such a
case the non-radiative recombination channel of the ex-
citon involving the Mn2+ excitation cannot be saturated
even for high excitation powers. This hypothesis is cor-
roborated by the energy-structure of the X PL spectrum
from a QD with a single Mn2+ (see Fig. 9). As previously
described, the invoked spectrum consists of six, approxi-
mately equidistant lines, which clearly indicates that each
of these lines is due to the recombination of an exciton
coupled to the Mn2+ ion occupying the state with spin
7S = 5/2. Such a condition is fulfilled only for the Mn2+
ground state. This shows that the PL from the excitons
interacting with the excited ion must be negligible, im-
plying that the amount of time for which the Mn2+ ion
remains in such a state is very short, thus confirming the
scenario of fast ion relaxation.
Altogether, the presented results show that although
fingerprints of the spin-dependent PL quenching are visi-
ble in the QDs doped with single Mn2+ ion, such quench-
ing is not efficient for the excitons confined in QDs under
investigation. However, it significantly affects the broad
PL feature related to the wetting layer. The fact that
the lifetime of this feature is not affected by the mag-
netic field suggests also that non-radiative recombination
channels affect mostly higher (excited) excitonic states
and not the relaxed states, from which the luminescence
of the wetting layer come from.
VI. CONCLUSIONS
We have performed a detailed magneto-optical study
of the PL quenching in Mn-doped CdSe/ZnSe QDs. Our
time-resolved and time-integrated experiments indicate
that the magnetic-ions-related quenching does not oc-
cur effectively for the excitons confined in QDs, although
the fingerprints of the expected spin-dependent quench-
ing are visible. Nonetheless, all of these effects are still an
order of magnitude weaker than the quenching effects ob-
served in the PL experiments carried out on QD ensem-
bles. Importantly, the quenching is found not to affect
significantly the lifetime of the luminescence both for the
QD and the wetting layer. As such, relatively efficient PL
quenching observed in the latter case is thus most prob-
ably caused by non-radiative recombination channels of
the excited photo-created carriers, before they reach the
relaxed states.
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